Background--Glycine is an amino acid involved in antioxidative reactions, purine synthesis, and collagen formation. Several studies demonstrate inverse associations of glycine with obesity, hypertension, and diabetes mellitus. Recently, glycine-dependent reactions have also been linked to lipid metabolism and cholesterol transport. However, little evidence is available on the association between glycine and coronary heart disease. Therefore, we assessed the association between plasma glycine and acute myocardial infarction (AMI).
G lycine is a nonessential amino acid that can be obtained either via the diet, or synthesized endogenously from serine, threonine, choline, or glyoxylate in the liver and kidney. 1 It is a predominant constituent of collagen and is utilized in the synthesis of several biologically important compounds, including glutathione, creatine, purines, and glucose. 2, 3 Glycine exerts anti-inflammatory and antioxidative effects 4, 5 and has been inversely associated with several traditional cardiovascular risk factors, including obesity, 6 hypertension, 7, 8 and diabetes mellitus. 9 Increasing evidence suggests that glycine-dependent reactions are associated with lipid homeostasis and cholesterol transport. More specifically, glycine is utilized to catabolize excess S-adenosylmethionine by its remethylation into sarcosine via the enzyme glycine-N-methyltransferase (GNMT), 10 and excess hepatic S-adenosylmethionine concentrations have been linked to the regulation of apolipoprotein (apo) B mRNA expression and very low-density lipoprotein formation. [11] [12] [13] Disturbances in these reactions have been associated with lipid accumulation both in the liver and in macrophages, which further promotes oxidized low-density lipoprotein (LDL)-induced foam cell formation in the artery wall. 12 Therefore, glycine availability may affect lipid metabolism and thereby further modulate the risk of coronary artery disease (CAD). However, data on glycine and the risk of atherosclerotic cardiovascular disease in observational studies are sparse. We investigated the associations between plasma glycine and incident acute myocardial infarction (AMI) in a large cohort of patients with suspected stable angina pectoris, with a particular focus on potential effect modifications by lipid parameters. The results are reported according to the STrengthening the Reporting of OBservational studies in Epidemiology-Molecular Epidemiology (STROBE-ME) guidelines. 14 
Materials and Methods

Study Population
The study population has been described previously. 15 
Baseline Data
Clinical information and blood samples were obtained at baseline before coronary angiography. Smoking status was defined according to self-reports and serum cotinine levels (≥85 nmol/L) as previously described. 16 Obesity was defined as body mass index (BMI) ≥30 kg/m 2 . Diabetes mellitus was classified by self-reports, glucose measurements (fasting plasma glucose ≥7.0 mmol/L or nonfasting plasma glucose ≥11.1 mmol/L), or by single measurement of glycated hemoglobin ≥6.5% according to the American Diabetes Association guidelines. 17 The extent of CAD at angiography was scored 0 to 3 according to the number of significantly stenotic coronary arteries. Left ventricular ejection fraction was determined by echocardiography or ventriculography. 
Clinical End Points
Biochemical Analyses
Earlier reports have described the collection and storage of blood samples and the biochemical analyses for relevant clinical indices. 15, 16 In addition, plasma glycine was analyzed by gas chromatography-tandem mass spectrometry 20 at
Bevital A/S, Norway (www.bevital.no).
Statistical Analyses
Baseline categorical variables are reported as frequencies and percentages, while continuous variables are presented as medians with interquartile ranges. Plasma or serum metabolite concentrations were log-transformed before statistical analysis due to their right-skewed distributions. Baseline variables across quartiles of plasma glycine of the whole population were assessed by unadjusted median linear or logistic regression for continuous and categorical variables, respectively. Cox regression analysis was used to estimate the association between plasma glycine and risk of AMI. The risk estimates were reported as fifth versus first plasma glycine quintiles, trends across quintiles, and per 1 SD increment in log-transformed plasma glycine. A simple survival model (model I) was adjusted for age (continuous) and sex (male/ female). Covariates in the multivariate model (model II) included age (continuous), sex (male/female), smoking (yes/no), obesity (yes/no), hypertension (yes/no), diabetes mellitus (yes/no), extent of CAD at angiography (ordinal), statin treatment (yes/no), and estimated glomerular filtration rate, apolipoprotein A1 (apoA-1) and apoB (all continuous). Since results from experimental studies suggest that glycine may regulate pro-inflammatory cytokines, 21, 22 we additionally included C-reactive protein (CRP) in an extended model. Fasting status and baseline revascularization procedures had negligible impact on the risk estimates and were excluded in the final model (data not shown). The assumption of proportionality was examined by the Schoenfeld and scaled Schoenfeld residuals. Potential nonlinear dose-response relationships between plasma glycine and risk of incident AMI were visualized by generalized additive model plots for both simple and multivariate models. Potential effect modifications by prespecified lipid parameters (including serum apoB, LDL cholesterol, apoA1, and high-density lipoprotein-cholesterol) were explored according to their median values and tested by including an interaction product term in Cox models adjusted for age, sex, and the use of statins.
The statistical analyses were performed in R (R Core Team, Vienna, Austria; version 3.1.1 & 3.1.2; packages "coin," "Hmisc," "survival," "MASS," and "mgcv"). All reported P values were 2-sided, and P<0.05 was considered significant. Age, y 61 (14) 62 (14) 61 (15) 63 (16) 
Results
Patient Characteristics and Plasma Glycine Levels at Baseline
The median (interquartile range) age for the 4109 patients at baseline was 62 (15) years and 72.0% were males. As outlined in Table 1 , persons in the upper glycine quartiles were more likely to be older, females, and smokers as compared to persons in the lower quartiles. However, the association between plasma glycine and smoking status was not significant after the adjustment for BMI (P=0.11). In addition, persons in upper quartiles of plasma glycine also had higher apoA-1 (P<0.001) and high-density lipoprotein-cholesterol levels (P<0.001) and lower serum apoB (P<0.001) and glycine tended to be associated with LDL cholesterol (P=0.064). Notably, after adjusting for statin treatment, plasma glycine was inversely associated with LDL cholesterol (P<0.001).
Plasma glycine was negatively associated with obesity, hypertension, diabetes mellitus, serum CRP, and prior AMI. We observed no association of plasma glycine with left ventricular ejection fraction and cardiac high-sensitive troponin T, but a strong inverse association with the extent of angiographic CAD, the latter also reflected by more use of coronary heart disease medications among patients in the lower plasma glycine quartiles.
Plasma Glycine and Risk of AMI
During a median (interquartile range) follow-up of 7.4 (2.4) years, 616 patients (15.0%) experienced an AMI. After adjusting for age and sex, higher plasma glycine was associated with a decreased risk of AMI (hazard ratio per SD: 0.88; 95% CI, 0.80-0.95; P=0.003). The association was essentially similar after the multivariate adjustment (hazard ratio per SD: 0.89; 95% CI, 0.82-0.98; P=0.017) (Table 2, Figure 1 ). However, additional adjustment for plasma CRP slightly attenuated the association between plasma glycine and incident AMI (hazard ratio per SD: 0.92; 95% CI, 0.84-1.01; P=0.085). Hazard ratios for AMI across all quintiles of plasma glycine gave similar results and are given in Table 3 .
Notably, nearly 62% of the patients were enrolled in the WENBIT and randomly received treatments with folic acid plus vitamin B12, vitamin B6, or placebo. The risk estimates of plasma glycine in WENBIT were not modified by any intervention treatments (all P interaction ≥0.16, Table 4 ). Figure 2 demonstrates the risk estimates between plasma glycine and AMI occurrence according to several lipid parameters. We observed a stronger negative association between plasma glycine and incident AMI among patients with high as compared to low serum apoB and LDL cholesterol levels (P interaction =0.037 and 0.012, respectively). Additionally, we observed a stronger risk estimate of plasma glycine in patients with high as compared to low apoA-1 levels (P interaction =0.027) and a similar trend was also seen for high-density lipoprotein cholesterol (P interaction =0.16). The estimates were essentially similar after multivariate adjustment (Table 5) .
Subgroup Analyses
Discussion Principal Findings
In a large cohort of patients undergoing elective coronary angiography for suspected stable angina pectoris, higher plasma glycine was associated with a generally more favorable cardiovascular disease risk factor profile and with a decreased risk of AMI during follow-up, independent of traditional CAD risk factors. Furthermore, the inverse associations between glycine and AMI were stronger among patients with serum apoB, LDL cholesterol, or apoA-1 levels above the median.
Plasma Glycine and Cardiovascular Disease
Consistent with our study, glycine has previously been inversely associated with several coronary heart disease risk factors, and in particular those related to insulin sensitivity, glucose homeostasis, and the metabolic syndrome. Population-based studies have demonstrated a positive association of plasma glycine with estimated glucose disposal rate 23 and a negative association with glycated hemoglobin. 24 Accordingly, plasma glycine has been inversely associated with obesity, 6, 25 hypertension, 8 and diabetes mellitus. 9, 26 Glycine intake has also been associated with low plasma free fatty acids, cholesterol and triglycerides levels in animal models. Although high plasma glycine was related to an overall favorable coronary heart disease risk profile, we somewhat unexpectedly observed a positive association between plasma glycine and smoking status. However, this relationship may be explained by the negative correlation between BMI and smoking behavior, 28 as adjusting for BMI rendered the association nonsignificant. The relationships between glycine status and clinical cardiovascular end points have, to the best of our knowledge, not been evaluated previously in large-scale observational studies; hence the current study extends previous knowledge on cardiovascular prognosis according to glycine status.
7,27
Possible Mechanisms
The negative association between plasma glycine and LDL cholesterol in the current study was probably veiled by the intake of statins, since a greater proportion of patients in lower plasma glycine quartiles were prescribed statins. Accordingly, we observed a significant inverse trend between plasma glycine and LDL cholesterol after adjusting for statins, in line with the inverse association with apoB, but positive relationships with apoA-1and high-density lipoprotein cholesterol. This suggests an important role of glycine in lipid metabolism. Indeed, considerable evidence suggests that glycine availability may be important in lipid metabolism and atherosclerosis. First, glycine can be methylated into sarcosine via GNMT, which is mainly confined to the liver and kidney 29, 30 ; however, rodent studies have shown that the GNMT is also localized to aortic endothelial cells. 12 Impaired GNMT flux was shown to exacerbate lipid accumulation in both the liver and in macrophages, which can further promote oxidized LDLinduced foam cell formation in the artery wall. 12 Furthermore, GNMT flux has also been shown to affect composition of atherosclerotic plaques and regulate inflammation response within atherosclerotic lesions. 12 We observed stronger associations of glycine with AMI among those with higher apoB and LDL cholesterol levels in subgroup analyses. This finding may support the hypothesis that GNMT flux plays a role in plaques formation and the progression of atherosclerosis. In addition, impaired GNMT flux was suggested to interrupt reverse cholesterol transport by downregulating the expression of scavenger receptors class B member 1 and ATP-binding cassette transporters-A1 and G1. 12 GNMT deficiency has also been associated with hepatic cholesterol accumulation and overt dyslipidemia by downregulation of Niemann-Pick type C2 protein, 31 a regulator of intracellular cholesterol trafficking and homeostasis. In the same study, enhanced GNMT flux was shown to promote cholesterol export from the cells by upregulating Niemann-Pick type C2, a process requiring the involvement of lipid-poor apolipoproteins (apoA-1 and apoE), which may explain the stronger beneficial effect of plasma glycine among patients with higher apoA-1 levels. Moreover, reduced flux over the GNMT pathway may cause the accumulation of excess S-adenosylmethionine, 10 which is shown to interrupt hepatic apoB mRNA expression and very low-density lipoprotein assembly. 12, 13 Accordingly, glycine infusion normalized hepatic triglyceride-rich very low-density lipoprotein secretion in rats fed a high-fat diet, 32 suggesting the necessity of adequate glycine status in avoiding hepatic lipid accumulation, which is considered an independent coronary heart disease risk factor. 33 Plasma and tissue glycine concentrations are regulated by the B6-dependent glycine cleavage system. Therefore, glycine elevation may reflect B6 deficiency. 34 Interestingly, low B6
status is suggested as a risk marker for CAD. 35, 36 However, in part of our population who received B vitamin treatments, we did not observe any significant interaction between plasma glycine and vitamin B6 on AMI occurrence. This finding may indicate that the glycine-related atherogenesis may not be solely dependent on pathways requiring vitamin B6. Nevertheless, glycine has wide metabolic ramifications, which therefore makes it difficult to make conclusions on any particular pathomechanism involved in the current study. For instance, the negative correlation between plasma glycine and CRP is in line with other studies, 37, 38 implying a role of glycine in inflammation. Indeed, glycine has been shown to directly regulate the production of pro-inflammatory cytokines 22, 39 and has been suggested as a modulator of the proinflammatory state. 21 These findings may indicate the involvement of glycine-related inflammation in atherogenesis and can at least partly explain the attenuation of the risk estimate of glycine when including serum CRP in the extended Cox model.
Strengths and Limitations
The strengths of the study include the large sample size, detailed baseline clinical characteristics, and its long-term prospective design. Notably, a prior study from a subsample of the current cohort showed that plasma glycine has an excellent within-person reproducibility over time (intraclass correlation coefficient: 0.77 [95% CI: 0.74-0.79]), 40 allowing 1-exposure assessment of biomarker status, as well as low risk of regression-dilution bias. 41 Several metabolic pathways contribute to glycine formation, and their relative quantitative contributions are not fully elucidated. Glycine concentrations among individuals may therefore be influenced by genetic and metabolic traits, as well as dietary habits, which were not evaluated in the current study. Hence, the possibility of residual confounding cannot be excluded.
Conclusions
Plasma glycine was associated with decreased risk of AMI in patients with suspected stable angina pectoris. This association was particularly strong in those with apoB, LDL cholesterol, or apoA-1 levels above the median. Our findings motivate further studies to elucidate the role of glycine in regulating lipid metabolism and cholesterol transport in patients with atherosclerosis.
